The utricle encodes both static information such as head orientation, and dynamic information such as vibrations. It is not well understood how the utricle can encode both static and dynamic information for a wide dynamic range (from <0.05 to >2 times the gravitational acceleration; from DC to > 1000 Hz vibrations). Using computational models of the hair cells in the turtle utricle, this study presents an explanation on how the turtle utricle encodes stimulations over such a wide dynamic range. Two hair bundles were modeled using the finite element methoddone representing the striolar hair cell (Cell S), and the other representing the medial extrastriolar hair cell (Cell E). A mechano-transduction (MET) channel model was incorporated to compute MET current (i MET ) due to hair bundle deflection. A macromechanical model of the utricle was used to compute otoconial motions from head accelerations (a Head ). According to known anatomical data, Cell E has a long kinocilium that is embedded into the stiff otoconial layer. Unlike Cell E, the hair bundle of Cell S falls short of the otoconial layer. Considering such difference in the mechanical connectivity between the hair cell bundle and the otoconial layer, three cases were simulated: Cell E displacement-clamped, Cell S viscously-coupled, and Cell S displacementclamped. Head accelerations at different amplitude levels and different frequencies were simulated for the three cases. When a realistic head motion was simulated, Cell E was responsive to head orientation, while the viscously-coupled Cell S was responsive to fast head motion imitating the feeding strike of a turtle.
Introduction
The utricle is one of the inner ear sensory organs that is responsible for sensing the orientation and motion of head (Rabbitt et al., 2004) . Together with the saccule, the utricle is called the otolith organ because of the otoconial layer lying on top of the hair cells' stereocilia bundles (hair bundles). The hair cells have polarity: they are most sensitive along the direction of the hair bundle's height gradient (Hudspeth and Corey, 1977; Nam et al., 2007a,b) . There exists a conceptual line on the macular surface across which the hair cells' polarity is reversed (the solid curve in Fig. 1 ). The hair cells in the vicinity along the line of polarity reversal look different from others, and this region is called the striolar region (the shaded area in Fig. 1A , (Fernandez et al., 1990) ). Each hair bundle consists of a few dozen stereocilia and one kinocilium. In the striolar region, the kinocilium has similar height with the tallest row of stereocilia, and the stereocilia height gradient is steep (slope angle > 60 ). In contrast, in the extrastriolar region, the kinocilium is often several times taller than the rest of the bundle, and the stereocilia height gradient is gentle (<40 ). Considering that this variation in hair bundle shapes are correlated with the type of afferent nerves attached to the hair cells (Xue and Peterson, 2006; Li et al., 2008) , it is plausible that the hair bundle shapes systematically varying across the macular surface might implicate their functional roles.
A notable difference between the striolar and the extrastriolar hair bundles is their structural connectivity to the otoconial layer (the circles with broken lines, Fig. 1B ). The height ratio between the kinocilium and the tallest stereocilia is > 2 for typical medial extrastriolar hair bundle, but the ratio is about 1 for typical striolar hair bundles (Xue and Peterson, 2006) . The tall kinocilium of an extrastriolar hair cell (Cell E) is firmly plugged into the otoconial gel. In contrast, the tallest edge of the striolar hair cell bundle (Cell S bundle) falls short of the firm otoconial layer. Presumably, the hair bundle of Cell S is not firmly attached to the otoconial layer. This weak coupling may not look like a good design of the mechanotransduction (MET) apparatus because the bundle's MET is activated by the deflection due to the shear displacement between the otoconial layer and the epithelial surface (the roots of the bundle).
Motivated by the anatomical feature of the turtle utricle (connectivity between the kinocilium and the otoconial layer), the possibility of fluid forcing on a striolar hair cell was examined in a previous study (Nam et al., 2005) . Because little was known about what kind mechanical stimulations the utricular hair cells are subjected to under natural conditions, the implications of the study could hardly be discussed in the context of the utricle function. However, three lines of recent studies shed new light on the realistic stimulations on the utricular hair cells. Rivera et al. (2012) measured the head motion of an unconstrained turtle during feeding strike. Based on anatomical measurements, they calculated the acceleration vector components of the utricle from the head motion. Dunlap et al. (2012) , Dunlap and Grant (2014) used excised turtle utricle preparations to measure the motion of the otoconial layer while the preparation stage was agitated. From these measurements, Davis and Grant (2014) derived the transfer function between the utricle acceleration and resulting otoconial layer displacement.
This study is focused on how connectivity between the hair bundle and the otoconia is related with the utricular MET. Computer models of two hair cells (Cell E and Cell S) were developed. The models feature: 1) anatomically-realistic 3-D hair bundle geometry, 2) three different stimulating conditions such as forceclamping, displacement-clamping, and viscous fluid flow, 3) upto-date MET channel dynamics for individual channels, and 4) integrated whole utricle dynamics to simulate hair cell responses due to realistic head motions. Using these computer models, three cases were simulated: 1) Cell E displacement-clamped to the otoconial motion, 2) Cell S viscously-stimulated due to the shear flow of the sub-otoconial fluid, and 3) Cell S displacement-clamped to the otoconial motion. Taking advantage of recent data, from the head motions of the turtle, the relative motion of the otoconial layer with respect to the epithelial surface is computed. The relative motion applies either the displacement boundary condition or the viscous force boundary condition to the two representative hair cells of the turtle utricle. A realistic head motion scenario (a slow head tilt followed by a feeding strike) was simulated. How different hair cells in the turtle utricle contribute to detecting the head motion is discussed.
Methods

Finite element model of the hair bundle
Two modeled hair bundles represent typical bundles in the striolar region (Cell S) and the medial extrastriolar region (Cell E) of the turtle utricle ( Figs. 1 and 2 ). The stereocilia geometrical information such as the arrangement, height and inter-ciliary spacing was obtained from microscopic images of the turtle utricle (Silber et al., 2004; Nam et al., 2006 Nam et al., , 2007a . As a result, the bundle geometry is not ideally regular. The finite element (FE) model of the hair bundle is composed of two types of elements. The stereocilia are represented by beam elements which account for axial and bending deformations. The tip links running along the excitatoryinhibitory (E-I) axis connect the tips of shorter stereocilia to the shaft of taller stereocilia (Fig. 2) . The horizontal connectors run along all three hexagonal axes to bind the stereocilia so that they move in unison (Cotton and Grant, 2000; Kozlov et al., 2007; Nam and Fettiplace, 2008; Karavitaki and Corey, 2010; Nam et al., 2015) . The coherence of the stereocilia bundle is dependent on the stiffness of the connectors (Cotton and Grant, 2000; Nam et al., 2015) . The geometrical and mechanical properties of the studied hair bundles are presented in Fig. 2 and Tables 1 and 2.
Equation of motion
The equation of motion of the hair bundle is integrated along time with a constant time step size h ¼ 25 ms. This time step size is small enough to resolve the fastest kinetics of the model (the MET channels' on/off speed). The equation of motion at the (mþ1)-th time step is described in terms of mass (M), damping (C), and stiffness (K) matrices, and the acceleration (a), velocity (v), displacement (x), and external force (f) vectors.
The velocity and displacement at the (mþ1)-th time step are approximated using the Newmark's method. 
After reducing v (mþ1) and a (mþ1) in Eqs.
(1)e(3), and introducing u ðmþ1Þ ¼ x ðmþ1Þ À x ðmÞ , we obtain
where Although the mass is explicitly expressed in this formulation to be consistent with the general Newmark formulation, the inertial term is more than three orders of magnitude smaller than the damping and the stiffness terms (Nam et al., 2005) . Therefore, the mass of the stereocilia hardly affects the results. The damping matrix is determined using the Rayleigh damping,
With the given coefficient values of a C ¼ 0.1 ms, and b C ¼ 0.4 ms -1 , the time constant of the bundle deflection due to a step force is 0.5 and 0.7 ms for Cell S and Cell E. The flexural rigidity of the stereocilia is determined by the dimension and the elastic moduli of the stereocilia (Table 2) . Those values were chosen to match experimentally measured stiffness of similar hair bundles in the turtle utricle (Spoon et al., 2011) .
Displacement-clamped hair bundle
When the hair bundle is deflected by the relative motion between two stiff layers (the otoconial and the epithelial layers), the hair bundle displacement at the attachment point equals the relative motion between the two layers. That is, the hair bundle is considered to be 'displacement-clamped'. The assumed locations of displacement-clamp were indicated with the arrows in Fig. 2 . To solve for given displacement instead of given force, the equation of motion needs to be reorganized so that the given displacement is on the right-hand-side of the equation. The displacement vector is divided into the given (clamped) degrees of freedom u 2 and the remaining degrees of freedom u 1 , or The bundle has more stereocilia rows along the E-I axis, and the kinocilium is much longer than the rest of the bundle. Table 1 Model geometry (Lengths in mm). 
In our case, the term u 2 equals the relative shear displacement between the otoconial and the epithelial layers.
Viscously-clamped deformation of hair bundle
Hair bundle deflection is small (angular displacement is less than three degrees), and the relevant fluid flow is highly viscous (Reynolds number Rn < 0.001). For these reasons, it was assumed that the fluid applies force to the bundle, but the bundle does not disturb the fluid. Instead of solving fluid dynamics explicitly, the fluid-induced force was approximated from viscous drag on a cylinder. The drag force D, on a cylindrical object caused by viscous fluid flow is determined by the mass density of fluid r, the relative velocity between the cylinder (stereocilium) and the fluid V, the area of the cylinder projected to the fluid flow A, the mass density of the fluid r, and the drag coefficient
Since each stereocilium has a long cylindrical shape, and the Reynolds number (Rn) is much less than 1, the drag coefficient C D will be approximated by the Oseen's formulation (White, 1986) .
The Reynolds number is defined as Rn ¼ rVd=m, where d is the stereocilia diameter, and m is the dynamic viscosity of the fluid. We assume the viscosity of the endolymph fluid to be the same as water (1 mPa s). The fluid drag on the extracellular links was ignored, which may have resulted in some underestimation of fluid drag.
In our simulation, the relative motion between the otoconial and the epithelial layers was considered to generate a linearly developing shear flow (Fig. 3A) . At each time step, the relative velocity between the stereocilia surface and the fluid was used to compute the nodal drag force (Fig. 3C ). Note that when the 'displacement-clamped' condition is considered, there is no relative velocity. That is, when the bundle is firmly attached to its overlying layer, there is no drag force due to the fluid external to the bundle.
Mechano-electric transduction (MET)
The MET channel kinetics of the present study are similar to previous studies (Beurg et al., 2008; Nam and Fettiplace, 2008) . There are two main differences. First, the rate coefficients are smaller than those in the previous study where the rodent hair cell MET was modeled. Second, the slow adaption that we neglected in the previous studies was incorporated because, unlike mammalian auditory hair cell, the slow adaption characterizes vestibular hair cells (Eatock, 2000) .
The channel has two configurational states (open or closed), and five (zero to four) calcium-dependent states assuming four calcium-binding site within the channel pore. The transition between the open and closed state are determined stochastically by two rate coefficients,
where the constant k B T is 4.1 Â 10 À21 J, and the constant k F determines the MET channel activation speed. The calcium-binding and unbinding rates are defined as,
In these equations, k b is calcium binding coefficient, C FA is calcium concentration at the binding site, and K D is the dissociation constant. The energy difference between open and closed states DE is defined as a function of the tip link tension f GS .
Here, b is the gating swing, and f 0 is a constant used to set the resting open probability. The tip link tension varies as its unstrained length, l 0 TL , changes due to channel opening/closing, calcium finding and slow adaptation. In the model, l 0 TL is increased by b when the MT channel opens, by b Ca when the channel binds a calcium ion, and by x A due to slow adaption, or
The coefficient n O is 0 when the channel is closed, and 1 when open. n Ca is the number of calcium ions bound to the channel, which is between 0 and 4. Any variation in the unstrained length changes the stiffness K and the internal force p in Eq. (4). This change affects the internal force equilibrium of the FE model to adjust the tension, G GS . The slow adaptation is governed by a first order kinetics of
where f M and k ES are the constants determining the adaptation motor's stalling force, and the extent of adaptation (Shepherd and Corey, 1994) , respectively. The upper dot denotes the time derivative.
In this study, the tip link represents not only the extracellular filaments, but includes all the components in series with the extracellular filaments between the stereocilia actin cores. The stiffness of the tip link represents the stiffness of yet-putative gating spring, k GS . Therefore, the tension in the tip link, f GS , equals the tension experienced by the MET channel.
Utricle dynamics
The utricle dynamics was adopted from Dunlap and Grant (2014) and Grant and Curthoys (2017) . In the studies, the authors presented the transfer function between the head acceleration (a Head ) and the shear displacement of the otoconial layer with respect to the epithelium (x OL ) of the turtle utricle. The equation of motion along the medial-lateral axis is
After Dunlap et al.'s measurement (Dunlap and Grant, 2014) , the damping coefficient and the undamped natural frequency were z ¼ 0.5 and u n ¼ 2420 rad/s (385 Hz), respectively. The constant B is determined by the ratio of mass densities between the otoconial layer and the fluid, and the value was estimated to be B ¼ 0.578. The last term g x represents the component of gravitational acceleration along the considered axis.
When the tip of hair bundle is firmly attached to the otoconia, the motion of the otoconial layer with respect to the epithelium equals the hair bundle tip displacement, or x OL ¼ x HB . The hair bundle tip displacement x HB equals the term u 2 in Eq. (8). When the hair bundle is not attached to the otoconia, its motion is considered viscously coupled to the otoconia through the endolymph fluid. Hereafter, the two stimulating conditions are called the displacement-clamped (X-clamped), and viscously-coupled (Vclamped) condition. Also, x OL and ẋ OL are loosely called as the otoconial displacement and velocity.
According to these values and definition, when the head rolls 45 , the X-clamped hair bundle deflects as large as 0.7 mm. When the head receives a step stimulation at the level of 1 g (9.8 m/s 2 ), the peak fluid velocity that the hair bundle is subjected to is 1.3 mm/s.
Computation
The computer program for this study is written in Matlab (ver. 9.0, Mathworks, Natick, MA). The problem size of the combined system was about 2500 and 3600 degrees-of-freedom for Cell E and Cell S. When run on an IBM PC (Intel i7-6700 processor, 3.4 GHz, 16 GB RAM), it takes about 1 min to solve for the time span of 100 ms. The simulation code is available through the research webpage of the corresponding author.
Results
All results but Fig. 4 are hair cell MET responses to given head accelerations (a Head in Eq. (16)). In Fig. 4 , the MET transfer functions of individual hair cells are presenteddthe relationship between the normalized MET current and the hair bundle displacement (i MET versus x HB ). The MET responses of the utricle, the relationship between i MET and a Head , are presented in Figs. 5e7. In Fig. 8 , the utricular MET due to realistic head motion of a turtle is simulated. For all results (but Fig. 4) , three cases are presented: X-clamped Cell E, V-clamped Cell S, and X-clamped Cell S.
MET responses of the two hair bundles
The MET responses of the modeled two cells are comparable ( Fig. 4A and B) , simply because the same set of MET properties were used for both cells. Note that this study is focused on the difference in hair bundle mechanics, because it is not known whether the MET channels in different types of hair cells are different. Physiologically observed characteristics of MET current were reproduced with the present model. First, the MET current decays after a peak for a sustained stimulation (Eatock et al., 1987; Holt et al., 1998) . Second, the MET current have fast and slow adaptation components (Ricci and Fettiplace, 1998) . In this study, the respective time constants were 0.8 and 8 ms. Similar to experimental observations, the fast component is more prominent at small stimulation levels (Wu et al., 1999; Vollrath and Eatock, 2003) . Finally, the action of MET channels affects bundle mechanics (Howard and Hudspeth, 1988; Holt and Corey, 2000) . For example, an event of channel opening/ closing results in positive/negative bundle displacement. The slow adaptation causes creeping bundle displacement after the peak.
There exists a clear difference in the MET characteristics of Cell E and Cell S, due to their different geometry. The Cell E hair bundle is (Spoon and Grant, 2011; Spoon et al., 2011) . As a result, the MET operating ranges, the bundle displacement span to activate between 10 and 90 percent of MET current, of the two cells are differentd1.7 mm for Cell E versus 0.18 mm for Cell S (Fig. 4C) . This difference has its consequence to the function of the turtle utricle, because the hair bundles in the turtle utricle can be subjected to more than 1 mm displacement (Dunlap et al., 2012) , which will saturate the MET of Cell S.
Hair cell MET response to sinusoidal head motion
Using the utricle dynamics identified by Dunlap and Grant (Eq. (16) , (Dunlap and Grant, 2014) ), the motion of the otoconial layer due to sinusoidal head acceleration was obtained. It was assumed that the otoconial motion relative to the skull (or the epithelium) stimulates the utricular hair bundles in two different ways. First, the hair bundles are tightly coupled to the otoconia so that they are displacement-clamped (X-clamp condition). Second, the hair bundles have little elastic attachment to the otoconia so that they are viscously-coupled (V-clamp condition).
In Fig. 5 , the turtle head oscillated at two different frequencies (100 and 1000 Hz) and with three different amplitudes (0.1, 0.3, and 1.0 times the gravitational acceleration level). Because 100 Hz is about two octaves below the characteristic frequency of the utricle (385 Hz according to (Dunlap and Grant, 2014) ), and an octave slower than the hair cell's adaptation, that stimulation speed may be considered quasi-static. The amplitudes of the otoconial displacement were 1.0 and 0.16 mm per 1 g for 0.1 and 1 kHz stimulation, respectively. The corresponding velocity amplitudes were 0.63 and 0.96 mm/s per 1 g. The MET current responses over a stimulation cycle are sinusoidal at small stimulation levels, but the curve shapes deviate from pure sinusoid as the MET current saturates at large stimulation levels (black curves of 1.0 g-level in Fig. 5 ). As the otoconial displacement is low-pass filtered at approximately 400 Hz, i MET of the X-clamped hair bundles was decreased at 1000 Hz as compared to the 100 Hz case. As the otoconial velocity peaks near 400 Hz, i MET of the V-clamped Cell S remains significant at 1 kHz (Fig. 5D ). If Cell S is X-clamped, however, the cell is prone to saturate even for modest head tilt (Fig. 5E ). For example, the 0.3 g stimulation, equivalent to the 17.5 degrees of head tilt (i.e., sin(17.5⁰) ¼ 0.3), saturated the cell.
The operating range of the utricle (in g-level)
The two hair cells were subjected to different levels of head acceleration between 0.01 and 3 times the g-level at two different oscillating frequencies (100 and 1000 Hz). In Fig. 6 , peak-to-peak i MET amplitudes were plotted versus the stimulation (head acceleration) level. These plots suggest the operating range of the turtle utricledthe span of g-level to modulate the i MET amplitude between 0.1 and 0.9. If the i MET amplitude is too small (<0.1), the stimulation will be difficult to detect. If the i MET amplitude is too large (>0.9), the stimulation will saturate (over-stimulates) the hair cells.
The operating range of the turtle utricle can be estimated from Fig. 6 . For slow stimulations (<100 Hz), The operating range of the X-clamped Cell E was between 0.06 and 2.0 times the g-level. At 1000 Hz, it took nearly 1.0 g for Cell E to excite i MET > 0.1. The Vclamped Cell S performed better at high frequency as compared to Cell E. Its operating range at 1000 Hz was between 0.3 g and 4 g, and at 100 Hz, it was between 0.1 g and 2.6 g. That is, the V-clamped Cell S may operate well over a wide g-range for frequency range between 100 and 1000 Hz. In contrast, when Cell S is X-clamped, it is easily saturated, especially at low frequencies. For example, at 100 Hz, as low stimulation as 0.26 g consumes 90 percent of the i MET capacity. This g-level corresponds to 15 degrees of head tilt.
The transfer function of the turtle utricle's MET
The simulations shown in Fig. 5 were repeated for different frequencies between 10 and 4000 Hz. The results of two different stimulation levels, 0.1 g and 0.5 g, are presented in Fig. 7 . Cell E is most sensitive near the resonant frequency of the utricle (385 Hz), and it remains sensitive below the frequency (Fig. 7A) . This lowpass-filter characteristic is consistent with the utricle mechanics (Grant and Curthoys, 2017) . When V-clamped, Cell S was sensitive around the utricle's characteristic frequency. However, at low (<50 Hz) or high frequencies (>1000 Hz), the V-clamped Cell S was not as sensitive (i MET amplitude < 0.1 at 0.5 g, Fig. 7B ). This bandpass-filter characteristic is primarily due to the utricle mechanics. The MET channel also contributes to this filtering, but its effect was modest in this study. With the given MET channel properties, the MET channel behaves like a band-pass filter (cutoff frequencies at 200 Hz due to adaptation, and at 2.4 kHz due to channel's onset speed). Consistent with its viscous coupling mechanism, i MET of the V-clamped case leads the phase of the X-clamped case by about 90 (Fig. 7B lower panel) . When X-clamped, Cell S was saturated for the stimulation level of 0.5 g at < 500 Hz. That is, if Cell S is X-clamped, it may saturate even at modest head tilt (0.5 g-level corresponds to 30 degrees of tilt).
The phase difference of 90 between the two types of mechanical stimulation may provide an opportunity to compare with physiological measurements. Indeed, there were studies regarding the phase relationship between vestibular neural responses and mechanical stimulations (e.g., (Goldberg et al., 1990a,b; Brichta and Goldberg, 2000; Holt et al., 2006; Songer and Eatock, 2013) ). A fraction of measured phase difference was ascribed to otoconial mechanics. However, because recordings were mostly measured at < 10 Hz, it is difficult to directly compare with the phase difference in this study. Experiments with high frequency (>100 Hz) stimulations such as the vestibular evoked myogenic potential measurements (Curthoys et al., 2006; Curthoys et al., 2012; Forbes et al., 2013; Curthoys et al., 2016) may be more comparable to the simulation protocol of this study.
Simulating the utricle MET under a realistic head motion scenario
A realistic scenario of turtle head motion was simulated (Fig. 8) . In the scenario, the head was subjected to a 0.5 g acceleration over 0.5 ms (1 Hz). This is to consider the condition of quasi-static head tilt of 30 . This static head tilt is followed by a quick head motion during feeding strike. Rivera et al. used fast video imaging at two different views to measure 3-D head motion during an underwater feeding strike of a turtle (Rivera et al., 2012) . The utricle accelerations in its three orthogonal axes was computed from the head motion. For the computation, they used the geometric information of the utricle within the skull obtained from micro-CT images. According to their measurement, the peak amplitude of acceleration was about 20 m/s 2 , and the primary frequency was about 50 Hz (Fig. 8D) . In Fig. 8 , the slow tilting stage and the fast striking stage are indicated with different colors. The assumed head motion is shown in panel B. Using the utricle transfer function of Eq. (16), the otoconial motion in the utricle was computed (panels C and D). The otoconial velocity is negligible during the tilting stage (<1 mm/s), but it reaches up to 0.4 mm/s during the striking motion. The otoconial displacement reaches 0.48 mm due to the quasi-static tilt, and the layer is further displaced up to 2.3 mm during the feeding-strike.
The simulation of realistic motion suggests that the two types of hair cells may play different role in a turtle's perception of head orientation and motion. During the quasi-static tilting period, Cell E encoded the time course of tilt without being saturated, while Cell S was either unresponsive or saturated depending on its assumed clamping mode (blue curves in panels F, G and H). During the feeding-strike motion, both Cell E and the X-clamped Cell S were saturated, but Cell S responded without saturation.
Discussion
An operating principle of the turtle utricle
Due to its long kinocilium, Cell E is deeply embedded into the otoconial layer. If Cell S is also firmly attached to the otoconial layer, it will saturate even for a modest head tilt. For example, quasi-static motion with the stimulation amplitude level of 0.3 g that is equivalent to 17 degrees of head tilt saturated the X-clamped Cell S (Fig. 5E ). When the utricle consists of a combination of different types of hair cells such as the X-clamped Cell E and the V-clamped Cell S, it can encode a wide range of head acceleration (0.02 g and 3 g) over a wide range of frequency (DC to 3 kHz, Figs. 6 and 7) . When a realistic head motion was simulated (a 30 degrees of head tilt followed by a feeding strike), the X-clamped Cell E encoded the head tilt faithfully (without being nonresponsive or being saturated), but saturated during the feeding strike.
Different stimulation scenarios were summarized in Fig. 9 . To be comprehensive, the viscously-coupled condition of Cell E was presented as well (although such condition may not exist in the natural turtle utricle). When both cells types are V-clamped to the otoconial layer, the utricle will not be able to detect low frequency motion (i MET amplitude < 0.04 for < 10 Hz at the level of 0.5 g). In contrast, when all utricular hair cells are X-clamped, it is difficult to detect a quick head motion. By incorporating two mechanical stimulation modalities (rigid coupling and viscous coupling between the hair bundles and the otoconia), the turtle utricle can perform a dual sensor: as a static head orientation sensor, and a motion detector over a wide operating range both in stimulating amplitude and in frequency. We believe that this mechanism may apply to the utricles of other species.
Further considerations
The same MET properties for the different types of hair cells were used in this study (Fig. 4 and Table 2 ). It was assumed so because the MET properties are not well known for different types of the turtle utricular hair cells, and because this study is focused on the mechanical connectivity between the hair bundles and the otoconial layer. That being said, it is presumable that different types of hair cells have different MET properties. If Cell E has slower and smaller extent of adaptation, it may enhance its sensitivity as a position sensor at the sacrifice of operating range. Cell S can have adaptation and channel activation properties so that it can pick up vibrations at certain frequency range selectively. This study is focused on how Cell E and Cell S are coupled to the otoconial layer. For the X-clamped case, exactly where the bundle is clamped affects the MET sensitivity. For Cell S, when X-clamped, the three ciliary tips (arrows in Fig. 2A) were clamped to the otoconial layer. Had only the kinocilium tip been clamped (instead of the three tips), Cell S responds less sensitivelydthe MET operating range (the hair bundle displacement span to change i MET between 0.1 and 0.9) increases to 0.24 mm as compared to 0.16 mm in the standard case shown in Fig. 4 . Had more stereocilia tips in the tallest row of Cell S been clamped, the sensitively hardly changes (MET operating range remains at 0.16 mm). This variation of sensitivity due to the distribution of stimulation also depends on the coupling rigidity between stereocilia determined by the numerous horizontal connectors (Nam et al., 2015) . For Cell E, it is clear that only the kinocilium is embedded into the otoconial layer, but at which elevation it can be considered to be clamped is unclear. This study assumed that the tip of kinocilium (at the height of 14 mm) is X-clamped with the otoconial layer. If the mid-point of the embedded part of kinocilium (at the height of 10 mm) is clamped instead, Cell E responds more sensitivelydthe MET operating range decreases to 0.65 mm as compared to 1.6 mm in the standard case shown in Fig. 4 .
